Because Farquhar's photosynthesis model is only directly applicable to individual leaves instantaneously, considerable skill is needed to use this model for regional plant growth and carbon budget estimations. In many published models, Farquhar's equations were applied directly to plant canopies by assuming a plant canopy to function like a big-leaf. This big-leaf approximation is found to be acceptable for estimating seasonal trends of canopy photosynthesis but inadequate for simulating its day-to-day variations, when compared with eddy-covariance and gas-exchange chamber measurements from two boreal forests. The daily variation is greatly dampened in big-leaf simulations because the original leaf-level model is partially modified through replacing stomatal conductance with canopy conductance. Alternative approaches such as separating the canopy into sunlit and shaded leaf groups or stratifying the canopy into multiple layers can avoid the problem. Because of non-linear response of leaf photosynthesis to meteorological variables (radiation, temperature and humidity), considerable errors exist in photosynthesis calculation at daily steps without considering the diurnal variability of the variables. To avoid these non-linear effects, we have developed an analytical solution to a simplified daily integral of Farquhar's model by considering the general diurnal patterns of meteorological variables. This daily model not only captures the main effects of diurnal variations on photosynthesis but is also computationally efficient for large area applications. Its application is then not restricted by availability of sub-daily meteorological data. This scheme has been tested using measured CO 2 data from the Boreal Ecosystem-Atmosphere Study (BOREAS), which took place in Manitoba and Saskatchewan in 1994 and 1996. 
Introduction
In recent years, modeling net primary productivity (NPP) of terrestrial ecosystems has been a subject of increasing interest because of the importance of terrestrial carbon cycle in global car-bon budget and climate change. Several process models of NPP have been developed for this purpose and applied to global landmass at spatial resolution of 0.5-5° (Melillo et al., 1993; Bonan, 1995; Woodward et al., 1995; Foley et al., 1996; Sellers et al., 1996) . Some models (Bonan, 1995; Denning et al., 1996; Foley et al., 1996) are run at small time steps (minute to hours) and coarse spatial resolutions (2 -5°) in conjunction with General Circulation Models (GCM). Some process models are run at moderate spatial resolutions (1 km and larger) but at large time steps from daily to monthly, with use of remote sensing data (Running et al., 1989; Liu et al., 1997) or other data (Woodward et al., 1995) . For regional and global applications, modelers usually face the choice between temporal and spatial resolutions, and modeling methodologies can be very different for these two choices. Hourly and sub-hourly models usually treat each time step calculation as instantaneous and no temporal integration is made, but such models suffer from the need for, and inaccuracy of, spatial scaling. Heterogeneity of the earth's surface makes such scaling a considerable challenge (Pielke et al., 1991; Hall et al., 1992; Bonan et al., 1993; Wood and Lakshmi, 1993) . When run independent of GCMs, the high-temporal resolution models are limited by data availability. With the use of daily or monthly models, the spatial resolution can be improved and errors due to spatial scaling can be reduced. However, many detailed canopy processes cannot be simulated at large time steps, and models have to become more empirical as the modeling time step increases.
Daily models are appropriate for medium-high spatial resolution remote sensing applications because of their moderate demand on computation and input data. Since the diurnal variations of solar radiation and temperature and the associated canopy processes generally follow predictable patterns, daily models, when correctly parameterized, can capture most of the day-today variability in the plant canopies. Several daily models have been developed to consider the non-linear effect of diurnal variation in incident solar radiation on photosynthesis. Hanson (1991) found an analytical solution to the daily integral of an empirical photosynthesis model as a rectangular hyperbola function of radiation. Haxeltine and Prentice (1996) developed a daily model using a non-rectangular hyperbola function to describe the effect of radiation on photosynthesis. Sands (1995) adjusted a light use efficiency model according to the diurnal radiation variation patterns. These models as well as others with specific consideration of methods of photosynthesis calculation after daily and monthly input data aggregations (Trost, 1990; Aber et al., 1996; Liu, 1996) suggest the importance of considering the variability of meteorological conditions within a computation time step. However, some existing daily models using Farquhar's formulation (Farquhar et al., 1980) , such as the BIOME-BGC (Hunt and Running, 1992; Kimball et al., 1997) , have not explicitly incorporated the diurnal variation patterns in the calculations. When we applied these daily models to reliable data sets obtained from Boreal Ecosystem-Atmosphere Study (BOREAS), we found them to be incapable of simulating the day-to-day variations, and daily outputs are not reliable even though the annual totals can be brought to agreement with experimental data through parameter adjustments. To improve the daily modeling methodology without incurring much additional computation, we developed a new daily model through analytical spatial and temporal integration of canopy photosynthesis processes under some assumptions. The purpose of this paper is to present this new daily model of net primary productivity.
Because the Farquhar model was initially developed and validated for individual leaves, considerable skill is needed in using it for a plant canopy. Although the big-leaf approximation has been shown to be successful for modeling evapotranspiration for plant canopies (Monteith and Unsworth, 1990) , the same approximation may be erroneous for photosynthesis because of the additional leaf internal control on carbon assimilation. For example, when stomatal conductance is replaced by canopy conductance (usually stomatal conductance times leaf area index) in the big-leaf model constructed using Farquhar's formulation, the calculated results will be very different from the sum of photosynthesis of individual layers of leaves calculated using the same formulation because the internal control of leaves causes nonlinear response of leaf photosynthesis to stomatal conductance. From this perspective, the big-leaf methodology used by BIOME-BGC needs to be further examined using experimental data. Many studies have demonstrated successful use of Farquhar's model at the canopy level using other approaches, such as vertical integration against radiation gradient (Baldocchi, 1993; Bonan, 1995) and separation of a canopy into sunlit and shaded portions (Kim and Verma, 1991; Norman, 1993; Foley et al., 1996; De Pury and Farquhar, 1997; Wang and Leuning, 1998) . We adopted and modified the latter approach because of its simplicity and ability to capture the major variability within the canopy. However, the effective use of Farquhar's model at the daily time step has not been demonstrated in previous studies. The objectives of this paper are: (1) to derive an analytical solution to a simplified temporal integral of Farquhar's photosynthesis model; (2) to validate the model using experimental results from two major boreal tree species; and (3) to show the advantages of this model over previous daily models and the limitations due to assumptions made in the derivation of the integrated daily model.
Daily model description
NPP is an important component of the terrestrial carbon cycle. It is defined as the new carbon stored in living plants per unit time (usually annually) per unit surface area. Using the same definition as previous studies (see review by Melillo et al., 1996) , NPP is the difference between the gross primary productivity (GPP) and plant autotrophic respiration (R). The emphasis of this study is placed on the modeling of the NPP at daily step, although all other autotrophic respiration components are also calculated with the most recently published results for the purpose of model validation using experimental data.
Instantaneous leaf-le6el gross photosynthesis
Among models of photosynthetic CO 2 assimilation by plant leaves, the mechanistic model proposed by Farquhar et al. (1980) has been widely used. The model describes the leaf gross photosynthesis rate at an instant of time for C 3 plants as the minimum of:
and ; C i is the intercellular CO 2 concentration; Y is the CO 2 compensation point without dark respiration; K is a function of enzyme kinetics. The dimension for C i , Y, and K can be either in Pa or in ppmv (parts per million by volume). Pa is used in this paper. Both Y and K are temperature-dependent parameters. Y, derived from Collatz et al. (1991) , Sellers et al. (1992) , can be expressed as:
where O 2 is the oxygen concentration in the atmosphere, being 21,000 Pa assuming that the atmospheric pressure is 100,000 Pa and O 2 occupies 21% of the air by volume. T is the air temperature in°C. K is given by:
where K c and K o are Michaelis-Menten constants for CO 2 and O 2 , respectively in Pa. K c = 302.1
, and Collatz et al., 1991) . V m can be expressed as a function of temperature (Collatz et al., 1991) or a function of both temperature and leaf nitrogen content (Bonan, 1995) :
where V m25 is V m at 25°C, and is a variable depending on vegetation type; f(T) and f(N) are temperature and nitrogen limitation terms defined as:
/(R gas (T+ 273))))
where N is the leaf nitrogen content, and N m is the maximum nitrogen content. J is dependent on photosynthetic photon flux density (PPFD) absorbed by the leaf (Farquhar and von Caemmerer, 1982) and is given by:
where J max is the light-saturated rate of electron transport in the photosynthetic carbon reduction cycle in leaf cells. According to Wullschleger (1993) , it is related to the Rubisco activity by:
To get net CO 2 assimilation rate (A), daytime leaf dark respiration (R d ) is subtracted from Eqs. (1a) and (1b):
According to Collatz et al. (1991) ,
Leaf-le6el daily integration of photosynthesis rate
The above instantaneous photosynthesis model at leaf level defines the photosynthetic processes of individual leaves with known light illuminance at an instant of time. Strictly, the productivity from a single leaf needs to be calculated continuously for the course of a day to obtain the daily total. Such a calculation for a large area is impossible from both viewpoints of meteorological data availability and computational demand. For regional and global applications, this original instantaneous model has been used to represent the mean photosynthesis rate for periods of different lengths from day to month (Woodward et al., 1995; Kimball et al., 1997) . In these previous applications, reasonable values for photosynthesis can be obtained through appropriate parameter adjustments while ignoring the variability within one time step. In order to avoid the excessive computational demand of diurnal calculation through numerical integration and yet to consider the effects of diurnal variation patterns of meteorological variables on photosynthesis, we developed an analytical solution to the simplified temporal integral of Farquhar's model for calculations at daily time steps.
The net photosynthesis rate can also be described in the form (Leuning, 1990; Sellers et al., 1996) :
where C a is CO 2 concentration in the atmosphere; g is the conductance to CO 2 through the pathway from the atmosphere outside of leaf boundary layer in mmol m − 2 s 1 Pa − 1 to the intercellular space, given by:
where g s is stomatal conductance; R gas is the molar gas constant, being 8.3143 m 3 Pa mol
. After (i) substituting C i in Eqs. (1a) and (1b) 
where A c and A j correspond to W c and W j , respectively, after a small reduction for dark respiration (see Eq. (8)). The diurnal variation in plant photosynthesis is caused by several meteorological variables including (1) incident solar irradiance which determines stomatal conductance and J in the photosynthesis model; (2) air temperature which affects V m , Y, and K; and (3) air humidity which influences stomatal conductance and hence C i . Complete temporal integration of Eqs. (12a) and (12b) re-quires consideration of the temporal patterns of all three variables, but no analytical solutions to this complete daily integral are possible. Through our numerical experiments with the daily integral, we found that the diurnal variation in photosynthesis is mostly caused by the diurnal variation in stomatal conductance as the synthetic variable of the solar irradiance and vapor pressure deficit under given soil moisture conditions. The effect of the air temperature variation is secondary and generally occurs in a similar pattern to solar radiation. This is agreeable since solar radiation is the driving force for diurnal changes in other meteorological variables. Incident solar irradiance, air temperature and humidity at a given location are usually highly correlated. Our temporal scaling approach is therefore focused on the diurnal integration of changes caused by stomatal conductance. For the calculation of diurnal course of stomatal conductance, we made the following assumptions.
1. The daily course of solar radiation follows a cosine function of solar zenith angle with a peak at solar noon. That is:
where S g is the instantaneous global solar radiation; S g,n is the global solar radiation at noon; q is the solar zenith angle; q n is the solar zenith angle at noon. This equation is applied to sunlit leaf calculations on all weather conditions. A cloudy day follows the same pattern as a clear day but with smaller magnitudes.
2. Solar radiation variation determines the diurnal pattern of stomatal conductance. Since air humidity has a similar diurnal pattern, the first order effect of humidity is automatically brought into account in this way. However, considerable errors can still remain after considering these variations because under water-stressed conditions, plants usually exhibit mid-day depression in photosynthesis as a result of low leaf water potential. Such effects causing irregular diurnal patterns are difficult to be considered at daily step calculations, but the water potential effect will enter into the calculation through making the mid-day stomatal conductance dependent on the daily mean water potential.
3. V m , K and J in Eqs. (12a) and (12b) change approximately linearly with environmental factors during the day so that daily mean values for them can be used. We realize that V m and K are nonlinear functions of temperature. However, during the active photosynthesis period in the day, the temperature generally vary within a small range (5-10°C), and the departure from the linearity is small within such a small range. The sunlit and shaded leaf separation described below is the critical step towards minimizing the non-linear effect of the spatial variability of PPFD in the canopy on J, but the effect of temporal variability still remains. However, the most important effect of PPFD temporal variability on stomatal conductance is considered.
4. The ratio of sunlit to shaded leaf area is constant during a day. This ratio does vary during the day and decreases with increasing solar zenith angle. This simplification is made to avoid excessive complexity of the model. The simplification causes some suppression of diurnal variation, which is compensated by assuming the sinusoidal variations in the direct and diffuse irradiance on leaf surfaces.
Theoretically, diurnal integration of Eqs. (12a) and (12b) for daily total photosynthesis should be made with respect to time. Our attempt to obtain an analytical solution to such integration was not successful because of the complication induced by the non-linear relationship between time and stomatal conductance, which is approximately sinusoidal. We therefore found an alternative by integrating with respect to conductance (g) as follows:
where g n is the conductance at noon, and g min is the minimum conductance before sunrise or after sunset and is set to zero in this study. The underlying assumption of direct integration with respect to g rather than time is that g changes linearly with time in both directions from noon. Since the diurnal solar radiation variation pattern is more sinusoidal than linear, such an assumption can incur errors in the final integration. If g n is correctly calculated from the total daily radiation and leaf water potential using the sinusoidal pattern, the linear variation would cause underestimation in the daily photosynthesis. There are two ways to remedy this: (1) to calculate g n under the same linear assumption, (2) to make an adjustment according to the difference between these two integration schemes. The first is not a good choice because it would produce g n which is unrealistic and cannot be compared with measurements. We choose to correct the bias by making an adjustment. The parameter v is therefore multiplied to the integral. It can be calculated from
The result is to increase the linearly-integrated value by 27%. The appropriateness of the linear integration and this adjustment lies in the fact that the relationship between A c (or A j ) and g is essentially linear (Ball, 1988) except for very large g values (Leuning, 1990; Dang et al., 1998) . With this simplification in our approach, these two equations can be analytically integrated and presented in the following form:
where for A c, a=
For both, d= (ag n 2 + bg n +c) 1/2 and e= (ag 2 min + bg min +c) 1/2 . Eq. (16) is the final equation for calculating the daily averaged A as the minimum of A c and A j . It is applied to sunlit and shaded leaves separately. It is noted that: (1) no additional parameters are introduced in this daily model, and all the constants are determined by the leaf biochemical parameters in the original Farqhuar model; (2) although Eq. (16) appears to be complex, it is numerically stable, and no numerical problems have been encountered in using this equation for remote sensing applications for large areas of extreme conditions; (3) the analytical integration given by Eq. (16) is computationally efficient and avoids a daily loop using a numerical integration method.
In principle, Eq. (16) should be applied for every leaf in a canopy in order to get daily or monthly total canopy photosynthesis. In this study, we choose to stratify a canopy into sunlit and shaded leaf groups and apply this equation to these two groups separately. We prefer this to stratification by canopy layers because the greatest difference in leaf illumination in the canopy exists between sunlit and shaded leaves. The purpose of the multiple layer calculation is to consider the general decreasing trend of radiation with the increasing depth into the canopy. It is an improvement from the big-leaf model, in which the canopy is treated as one layer of leaves. However, within a layer at a given time the difference in illumination between sunlit and shaded leaves is very large and using the mean illumination value to represent the layer can result in considerable errors in modeled results. With the separation of sunlit and shaded leaf groups, the total canopy photosynthesis (A canopy ) can be calculated as (Norman, 1982) :
where the subscripts 'sun' and 'shade' denote the sunlit and shaded components of photosynthesis and LAI. The method of Norman (1982) for calculating LAI sun and LAI shade is adopted in this study but modified to consider the effect of foliage clumping index (d) on the canopy radiation regime:
where LAI is the leaf area index, and q is the solar zenith angle. d for boreal forests is 0.5 for conifers and 0.7 for deciduous species, respectively (Chen, 1996a; Chen et al., 1997) . The larger d departure from unity, the more non-random is the foliage spatial distribution. It is critically important to consider this in productivity models because foliage clumping alters the way plants interact with incident radiation. Increasing foliage clumping (decreasing d value) allows more radiation penetrated through the canopy without being intercepted by the foliage and therefore decreases sunlit LAI and increases shaded LAI. The clumped architecture of forest canopies makes the stratification between sunlit and shaded leaves essential because the fraction of the shaded leaves is much larger in clumped canopies than in random canopies and shaded leaves play an important role in forest productivity .
Sunlit leaf irradiance and shaded leaf irradiance
Sunlit leaf irradiance and shaded leaf irradiance are important variables in Eq. (16) because of their effects on both g and J. In order to estimate them, the total solar radiation above the plant canopy (S g ) is partitioned using an empirical formula of Erbs et al. (1982) , which was modified and validated by Black et al. (1991) for northern environment. The fraction of diffuse radiation in the total is determined by:
where S g is the global solar radiation in W m ). The direct radiation fraction above the canopy (S dir ) is the remainder of the diffuse fraction.
With S dif , and therefore S dir determined from Eq. (19), the sunlit leaf irradiance (S sun ) is calculated as (Norman, 1982) :
(20) where h is mean leaf-sun angle. h=60°for a canopy with spherical leaf angle distribution, which is found to be also a good approximation for boreal canopy in q range from 30 to 60° (Chen, 1996b) . Because S dir is proportional to cos q, S sun changes little in a day. With the consideration of foliage clumping effect, a different method for estimating the mean shaded leaf irradiance (S shade ) is developed based on radiative transfer physics. It is summarized as follows:
where S dif,under is diffuse radiation under the plant canopy; and C arises from multiple scattering of direct radiation (Norman, 1982) :
Eq. (21) states that diffuse irradiance on shaded leaves originates from two sources: sky irradiance and multiple scattering of the incident radiation within the canopy. The first term in Eq. (21) makes the average of the total intercepted diffuse radiation from the sky for the total LAI involved (sunlit leaves also contribute to the interception). The diffuse radiation reaching to the forest floor is calculated using the simple equation with the consideration of the clumping effect (d):
where q is a representative zenith angle for diffuse radiation transmission and slightly dependent on leaf area index:
This is a simple but an effective way to calculate the transmitted diffuse radiation. It avoids the integration of the sky irradiance for the hemisphere by using a representative transmission zenith angle q, which is obtained through a numerical experiment with the complete integration. Under the assumption of isotropic sky radiance distribution, it is near a constant of 57.5°but also a weak function of LAI. This angle is larger than the mean of 45°because the hemisphere is more heavily weighted against the lower hemisphere in the inte-gration. The dependence on LAI is found because it modifies slightly the weight distribution.
Stomatal conductance
Plants respond to their environment through stomatal movement that can be quantified in terms of stomatal conductance. To simulate this response, one approach is to reduce a species-dependent maximum by the environmental conditions departed from the optimum (Jarvis and Morison, 1981; Running and Coughlan, 1988) . The environmental factors usually include photosynthetic photon flux density (PPFD), temperature (T), vapor pressure deficit (VPD), and others, i.e.
where the environmental functions are scalars between 0 and 1 which are formed in the same way as in BIOME-BGC. These functions are expressed as:
The meaning of the symbols in these equations and their values and units are found in Table 1 .
To determine PPFD at noon, the solar zenith angle at noon is first calculated from the latitude of the location () and the day of year (D) (Oke, 1990) : 
where S q,day is the daily total solar radiation in J day
. Therefore, with the PAR-energy ratio of 4.55 mmol/J and the visible shortwave radiation fraction of 0.5, PPFD at noon (in mmol m − 2 s − 1 ) is:
Daily autotrophic respiration
Conventionally, autotrophic respiration (R a ) is separated into maintenance respiration (R m ) and growth respiration (R g ) (Running and Coughlan, 1988; Ryan, 1990 Ryan, , 1991 :
where i is an index for different plant components, (1 for leaf, 2 for stem, and 3 for root). Maintenance respiration is temperaturedependent:
where M i is the biomass (sapwood for stems) of plant component i; r m,i is maintenance respiration coefficient for component i , or the respiration rate at the base temperature; Q 10 is the temperature sensitivity factor, and T b is the base temperature. Growth respiration is generally considered to be independent of temperature and is proportional to GPP:
where r g,i is a growth respiration coefficient for plant component i; and r a,i is the carbon allocation fraction for plant component i.
Experimental data for model validation
An old black spruce site located at 55.879°N and 98.484°W in Manitoba, Canada, is chosen as the major site to validate the daily model. This site was one of tower measurement sites during the BOREAS in 1994 (Sellers et al., 1997) . Black spruce (Picea mariana) is the dominant species in the BOREAS study region. The overstory at the site was dominated with dense, 10 m tall, 75-yearold trees in upland areas, and sparse, 1 to 6-m tall, 90-year-old trees in lowland areas. The understory was composed of 45% feather moss (Pleurozium schreberi ), 45% Sphagnum moss (Sphagnum fuscum), and 10% fen within 500 m of the tower. The site was level, and consisted of poorly drained silt and clay.
In 1996, simultaneous CO 2 flux measurements were made above and below the canopy. The above-canopy measurements were made using an eddy-covariance method, and the below-canopy was made using closed clear chambers on the forest floor including the understory grass and moss. Two chambers were used for feather moss (chambers 2 and 3 referred by Goulden and Crill, 1997) , and three for sphagnum moss (chambers 8, 9, 10). The chamber measurements were made automatically at 3-h intervals. Daily total fluxes for the stand were obtained by giving 50% weight to the average of chambers 2 and 3 for feather moss, and 50% weight to the average of chambers 8, 9 and 10 for sphagnum moss. This weight distribution reflects the percentage coverage of these two moss types on the forest floor. The data were checked for quality in processing (Goulden and Crill, 1997) and good measurements from 28 May to 21 October, 1996 were used in this study. Similar above-canopy measurements in 1994 and below-canopy measurements in 1995 were described in detail by , Goulden and Crill (1997) , respectively.
The flux measurements at these two levels can be used to differentiate between the overstory and the background (understory, moss and soil) in their role in the carbon cycle. The fluxes at the top of the canopy and from the forest floor are composed of several terms defined as follows:
where P and R denote photosynthesis and respiration fluxes, respectively. Subscripts T and C stand for tower and chamber measurements, respectively. The subscripts OVER, UNDER, SOIL indicate overstory, understory and soil, respectively. The subscripts ABOVE and ROOT are for above ground, and root of the overstory, respectively. We define downward fluxes as positive and upward fluxes as negative so that photosynthesis is always positive and respiration is always negative. Therefore, NPP of the overstory, defined as P over + R over,above +R over,root , can be then be obtained by taking the difference between Eqs. (33) and (34). The final expression becomes
The root respiration term remains in the expression because of the transport of some fraction of carbon assimilates to roots from the overstory. Since the fluxes measured correspond to the instantaneous photosynthesis and respiration processes, NPP calculated in this way is considered to be instantaneous. Meteorological variables including solar radiation, temperature and humidity used as the model input were measured on the tower above the canopy . A deciduous forest site located at 53.629°N, 106.2°W in the BOREAS region is used to further validate the daily model. The overstory at the site was mature aspen (Populus tremuloides). The same principles given above are also used to obtain the overstory NPP from simultaneous eddy-covariance measurements at heights above the forest and between the overstory and understory. More details of the measurement procedures and the data set in 1994 are found in Black et al. (1996) . in the field and 0.055 mol m − 2 s − 1 in the laboratory (Dang et al. 1997) . It is 1.3-1.4 mm s − 1 . Although the g max was reduced to 1.0 mm s − 1 in BIOME-BGC from 1.6 mm s − 1 in the FOREST-BGC for conifer forest (Kimball et al., 1997) , we consider 1.6 mm s − 1 is more reasonable for g max . It is slightly larger than the largest value found in observation because the optimum conditions seldom occurred in the field.
Parameterization for the old black spruce site

Maximum carboxylation rate at 25°C (V m,25 )
V m,25 is a very important parameter that strongly influences the magnitude of photosynthesis. Comparing the observed V m values (Dang et al. 1998) with V m values calculated using the methods of Bonan (1995) , Kimball et al. (1997) and , it is found that Bonan's method and the associated V m,25 fit observations best, while the others tend to overestimate V m and the photosynthetic rate.
Maintenance respiration coefficients
As discussed above, plant maintenance respiration is determined by: (1) biomass of plant components; (2) respiration coefficients at the base temperature; (3) Q 10 ; and (4) base temperature. The biomass of the plant components at the site can be obtained from the literature, while determining the maintenance respiration coefficients, Q 10 values, and the base temperature is difficult. After carefully examining previous studies (Running and Coughlan, 1988; Foley, 1994; Bonan, 1995; Ruimy et al., 1996; Kimball et al. 1997) , we chose the equations and associated parameters of BIOME-BGC (Kimball et al. 1997) . This is because: (1), as stated by Ruimy et al. (1996) , BIOME-BGC is the only model using 'uncalibrated' coefficients; and (2) the derived autorespiration based on the coefficients agrees closely with measurements for the site .
Results and discussion
To illustrate the importance of proper daily integration for stand-level and ecosystem-level modeling of photosynthesis, the response of several Farquhar model parameters to meteorological variables are shown in Fig. 1 . The effects of temperature on the model parameters including s, Y and V m are not linear, causing non-linear response to temperature over the full range. However, during daytime the temperature usually varies within a small range and a linear approximation would not incur large errors. A linear approximation justifies the use of mean daytime temperature for one step daily photosynthesis calculations. The response of J to illumination is highly non-linear. During the daytime, plant leaves experience the full range of illumination. At a given time, leaves at different locations in the canopy can have very different illumination levels. These large temporal and spatial variations in radiation can cause large errors in daily photosynthesis calculations if ignored.
Meteorological conditions at the site during the growing season of 1996 are shown in Figs. 2 and  3 . In Fig. 2 , the values of the mean irradiance at noon on sunlit and shaded leaves were calculated using Eqs. (20)- (24). The day-to-day variations are caused by cloud conditions. Large day-to-day variations in air temperature and VPD are also evident in Fig. 3 . The daily mean air temperature ranged from −3 to 23°C, while the daily mean VPD ranged from 0 to 16 mbar. In addition to the seasonal variation of the temperature from the end of May to the beginning of September, there were two distinct step changes in temperature at DOY: 250 and DOY :270. The seasonal variation of the vapor pressure deficit follows a pattern similar to the temperature variation.
The seasonal course of daily CO 2 fluxes measured above and below the black spruce stand using eddy-covariance and chamber techniques are shown in Fig. 4 . These data series are the first simultaneously paired measurements for black spruce, which allow the separation of the overstory NPP from above-canopy flux measurements on a daily basis after making an allowance for the root respiration as described in Eqs. (31) and (32) . No previous models were tested with similar data sets. However, the fact that root respiration is involved causes some uncertainties in the conversion of these time series into an overstory NPP series. We therefore closely examined the magnitude of root respiration as a function of soil temperature and the root biomass. Using the available data for root biomass measured at the site and suggested coefficients (Running and Coughlan, 1988; Steele et al., 1997; Kimball et al., 1997; Ryan, 1991; Ryan et al., 1997) , we obtained the best possible daily values of root respiration (Fig. 5) . The total autotrophic respiration without the daytime leaf respiration is also shown for comparison. The root respiration is responsible for 60% of the total plant respiration. This ratio is in agreement with the value of 62% for the site reported by Ryan et al. (1997) . Results from several models are compared with the 'measured daily NPP' values obtained from the above-and below-canopy flux measurements and root respiration estimates (Fig. 6) . Three types of models were used: (1) Farquhar's model with the daily integration and sunlit -shaded leaf separation as shown in Section 2; (2) Farquhar's model with sunlit-shaded leaf separation without the daily integration; and (3) big-leaf Farqhuar's model as formulated by BIOME-BGC. The values for the model parameters of s, Y and V m are found to be the most suitable for the species (Collatz et al., 1991; Bonan, 1995; Dang et al., 1998) and are the same for all three types of models. The relationship between V m and J max is also the same. The differences in the modeled results are therefore entirely due to the different mathematical manipulation of the Farquhar equations. In all these models, the soil water balance, precipitation, and evapotranspiration are considered and stomatal conductance is calculated not only from radiation but also from temperature and humidity as outlined in Eqs. (25), (26a), (26b) and (26c)- (29). Several important points are demonstrated.
(1) The big-leaf model is able to simulate the general seasonal variation pattern with approximately correct total for the season, but it is not able to mimic the day-to-day variation. Much of the day-to-day variation in photosynthesis was caused by changes in radiation regimes as well as in humidity and temperature. The effects of the changes in radiation and humidity are mostly considered through their influences on stomatal conductance and partly in the value of J. However, in the big-leaf formulation, canopy conductance as a surrogate of stomatal conductance is only a relative small part of the control of the flow of CO 2 from the free air to photosynthetic apparatus in leaf cells, and the canopy photosynthesis is not very sensitive to changes in canopy conductance. The fundamental problem with bigleaf models is that when stomatal conductance is replaced by canopy conductance, the big-leaf internal controls, as reflected by the parameters s, Y, V m and J max , should not remain the same. For example, if Y is considered as the CO 2 compensation point per unit leaf area, in the big-leaf model it should become per unit ground surface area, and then the value should be increased by a factor equal to LAI because more leaf area produces more photorespiration. By the same argument, V m and J max should also be increased accordingly. We conducted numerical experiments by increasing these parameters by a factor of LAI and found that the day-to-day variation indeed becomes much larger and follows the general pattern of measured NPP. Although this seems to be an improvement to the big-leaf formulation, it does not solve the problem because these adjustments do not have biological foundation and makes the model too highly sensitive to the input LAI value. In reality, canopy photosynthesis has diminished response to LAI increase at large LAI values. A further improvement can perhaps be made by allowing V m and J max to vary at different layers. This then will eventually turn a big-leaf model into a multiple layer model. The problem with big-leaf models can also be seen from another perspective. In a canopy, individual leaves operate in parallel, but big-leaf models conceptually force them to operate in a partial parallel mode after multiplying the stomatal conductance by LAI. When stomatal conductance is replaced by canopy conductance in Farquhar's model, the simulated leaf internal CO 2 concentration (C i ) becomes unrealistic (in some cases values very close to external concentration C a can be produced in big-leaf simulation). This is because the harmony of the original model for individual leaves is disrupted when used in this way.
(2) The simple separation of sunlit and shaded leaves at noon results in much greater day-to-day variability compared with the big-leaf model, and the pattern of the variation is similar to that exhibited in the measured data. However, the magnitude of the modeled NPP is too large compared with measured values. The difference far exceeds the uncertainty range in the root respiration estimation. The overestimation is caused by optimizing the radiation control on photosynthesis in the process of taking the mean irradiance for the day. For example, in hourly calculations, sunlit leaves are often saturated by direct irradiance, but when the mean of the day is taken, the saturation never occurs. In this case, the radiation use efficiency is too high, resulting in the overestimation. Fig. 7 is shown in support of this argument. The modelled daily total gross primary productivity (GPP), as defined by Eqs. (1a) and Fig. 4 . Daily total CO 2 fluxes measured using an eddy-covariance technique above the canopy (29 m) and below the canopy using chambers. Note downward flux is defined as positive. (1b), depends strongly on the computation time step, within which the tower-measured meteorological variables (radiation, temperature and humidity) are aggregated before modelling. The modelled values increases with the increasing time step from 1/2, 2, 4 to 24 h, although the difference between 1/2 and 2 h steps is small.
(3) The integrated daily model not only has the appropriate variability but also has the right magnitude. This model not only avoids the flaws of the big-leaf model, allowing good response of predicted photosynthesis to weather conditions, but also remedies the overestimation problem of sunlit -shaded leaf model without considering the diurnal variation pattern.
Another problem with big leaf models using Farquhar's formulation is the tendency to invoke frequent temperature limitations and infrequent radiation limitations to photosynthesis. When either the incident radiation or the absorbed radiation of the big-leaf is used in the models, the estimated electronic transport rate almost always exceeds the Rubisco activity, i.e. the radiation level is higher than the minimum required by the Rubisco activity and often becomes irrelevant for canopy photosynthesis estimation. As both photosynthesis and autotrophic respiration vary with temperature in similar patterns, the NPP, as the difference between GPP and autotrophic respiration, becomes insensitive not only to radiation but also to temperature variation. The big-leaf model is therefore not able to capture productive sunny and humid days or non-productive overcast or rainy days. After sunlit and shaded leaves are separated, it is often found that sunlit leaves are controlled by temperature and shaded leaves by radiation, and therefore the sensitivity of the calculated NPP to meteorological changes is greatly improved.
Having shown shortcomings of the big-leaf formulation for canopy photosynthesis, we need to analyze the reason for the widespread success of big-leaf evapotranspiration (ET) model (Monteith and Unsworth, 1990) . For transpiration, leaves in different layers also operate in parallel, but changing the formulation from the parallel to partial parallel mode in big-leaf models only incurs a small error due to the control of leaf air boundary layer resistance which is in series with stomatal resistance. If the boundary layer resistance is absent, there is no difference between parallel (multiple layers) and big-leaf (single layer) formulations This is because the flow of water vapor remains the same whether or not it is divided into multiple channels (stomates) as long as the total conductance is the same. This may be understood by imagining the case of water flow in a pipe: the flow rate is independent of the number of divisions of the pipe into mini-pipes if the friction on the walls of the mini-pipes is ignored. The friction resembles the boundary layer resistance. Because it is usually one order of magnitude smaller than the stomatal resistance, any simple treatment of this effect does not cause considerable errors. The basic reason for the success of ET big-leaf models is that there is no leaf internal control beyond stomates on the water vapor flux, i.e. the stomatal pores are 100% wet. On the other hand, in photosynthesis, CO 2 in stomatal pores can be assimilated at very different rates depending on the rate of Rubisco activity or the electron transport. In mathematical terms, there is a large additional resistance to the CO 2 flow inside the leaf that is in series with stomatal resistance and should be adjusted accordingly when stomatal conductance is replaced by canopy conductance. From this point of view, it can be inferred that big-leaf NPP models would work well for thin canopies with LAI close to unity, but as the LAI increases the error of big-leaf models will likely to increase. If a model of this type is calibrated using measurements from a site through adjustment of parameters (such as V max and Y), it can still be inaccurate for other stands of different LAI values or under different climate regimes. In other words, the level of simplification in our modeling methodologies should be compatible with the complexity of the gas type involved in the biological processes, and it is undesirable to simplify the photosynthesis process using big-leaf models if both simplicity and generality of models are required.
The results from the big-leaf and daily-integrated models are compared with the measured daily NPP values in one-to-one plots (Fig. 8) for further analysis. The lack of response of the bigleaf model to the changes in the measured values is evident from the small slope and low R 2 value. The response is greatly increased after the sunshade leaf separation and the daily integration, but the deviation from the one-to-one line is still significant and the R 2 value is still low (0.46). Much of the scatter in the plot results from the uncertainties in chamber measurements because the five chambers used might have not well represented the average conditions of the stand under varying weather conditions. Some of the scatter is due to irregular sub-daily variations in weather conditions, especially on cloudy days when the diurnal radiation pattern deviates from the sinusoidal pattern assumed in the model. For the purpose of differentiating errors due to sub-daily variability from those due to measurement, daily NPP values (i.e. Y) calculated at daily steps using the sun-shade model with daily integration (Eqs. (16) and (17)) were compared with those (i.e. X) calculated at half hourly steps using a sun -shade leaf model (Eqs. (12a), (12b) and (17)). The result of the comparison is Y= 0.94X + 0.38, with R 2 = 0.72. This means that the sub-daily variability caused about half of the data scatter and the other half was due to measurement errors. The systematic difference between modeled values at these two time steps is about 22%, suggesting that there is still room for improvement in the integrated daily model. The most needed improvement may be to develop a way to determine the frequency of temperature or radiation control on photosynthesis for sunlit and shaded leaves separately in daily steps under variable weather conditions.
To further validate the daily model for applications to boreal landscape of various cover types, we also simulated a data set obtained from an aspen site. Fig. 9 shows a summary of the modeling results for this site. Again, the big-leaf model has the same problem, but the results for the daily-integrated model are better than that for the black spruce site shown in Fig. 8 in terms of the scatter and slope. The scatter is reduced because of the better spatial representativeness of the eddycovariance technique used for measuring fluxes from the understory and soil. However, the model is still not able to simulate the days with large NPP values for the same reason as discussed for Fig. 8 .
Conclusions
With the unprecedented simultaneous CO 2 flux measurements above and below forest canopies, we are able for the first time to examine various canopy photosynthesis models at daily steps. Bigleaf canopy photosynthesis models are the simplest and are shown to be capable of simulating the seasonal photosynthesis trends. However, we found such models greatly dampen day-to-day variations in canopy photosynthesis simulations when compared with the measurements. Big-leaf photosynthesis models disrupted the harmony of the original leaf-level photosynthesis model through the replacement of stomatal conductance with canopy conductance. They do not adequately represent the flow of CO 2 in plant canopies because stomatal conductance is only part of the control of CO 2 flow from the free air to the photosynthetic apparatus inside leaf cells. Sunlit-shaded leaf separation is an improvement over big-leaf models, but models of this type can be in error in daily step calculations if the diurnal variability is ignored. Non-linear response of leaf photosynthesis to meteorological variables makes it inaccurate to use daily mean meteorological inputs to calculate the daily total photosynthesis without considering the diurnal variabilities. The first-order effects of the diurnal variabilities are considered in this study by performing a simplified analytical temporal integration of the Farquhar's model under the assumption of a sinusoidal radiation variation pattern. A new daily canopy photosynthesis model is therefore derived and validated with experimental data. This model captures the effects of diurnal variabilities on photosynthesis and is efficient for computation, and therefore is suitable for remote sensing applications. 
